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Aromatic carboxylic acids (ACAs) may be as transformed key metabolites via gut microbiome for playing
better pharmacological effects. However, it’s rare to achieve high-specificity, high-sensitivity, and high-
throughput detection simultaneously, especially, for tracing trace ACAs in gut microbiome. In this work,
firstly, a novel dual-template and double-shelled molecularly imprinted 96-well microplates (DDMIPs)
was designed and amplified signal for p-hydroxybenzoic acid (PBA) and 3,4,5-trimethoxycinnamic acid
(TMA). Additionally, the DDMIPs and a stable isotope labeling derivatization (SILD) method combined
with the ultra-high performance liquid chromatography triple quadrupole tandem mass spectrome-
try (UHPLC-TQ MS) was firstly stepwise integrated, achieving high-effective, high-sensitive, and high-
throughput study of gut microbiome metabolism. The whole strategy showed lower limits of detections
(LODs) up to 1000 folds than the traditional method, and revealed a more real metabolism-time profile
of PBA and TMA by 3-step signal amplification. The platform also laid the foundation for fast, simple,
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high-selective, high-effective, and high-throughput metabolism and pharmacological research.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Gut microbiota, as “second brain”, plays a crucial role in the
regulation of central nervous system (CNS), especially for depres-
sive disorder, and psychiatric disorders [1-3]. It also plays an im-
portant role in the metabolism of oral prodrugs. However, most
natural oral prodrugs are difficult to be absorbed and detected in
vivo [4]. Accordingly, the pharmacodynamic mechanism of some
prodrugs is not clear or not exact, who plays the ultimate role.
Nowadays, some aromatic carboxylic acids (ACAs) have gradually
been studied, as key gut microbiota metabolites, by incubating
some herbs with/without gut microbiome [5-10]. However, low
oral utilization of most drugs, the complex matrix effect, the high-
abundance interfering compounds, trace metabolites ACAs, and
large-scale samples from time series of incubation limit their real-
time monitoring and analysis. Therefore, it would be a promis-
ing exposure to develop a high-selective, high-efficient, and high-
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throughput method for the study of key metabolite ACAs via gut
microbiome.

Recently, surface molecularly imprinted polymers (SMIPs) have
been widely used in separation, because of their outstanding per-
formance including more accessible sites, specific cavities, high sta-
bility, fast mass transfer, and good reproducibility [11-17]. Due to
the imprinting ability is still not up to the analysis of some trace
molecules, the dual-template spherical or double-shelled SMIPs
are few designed by meaningful template molecules and ethylene
imine polymer (PEI), polydopamine (PDA), and hydrophilic resins
forming layer of molecularly imprinted polymers (MIPs) [18-20].
Additionally, although the spherical MIPs have been further applied
to separate targets, the reproducibility is limited by the continuous
elution. The SMIPs based on the 96-well microplates came into be-
ing, and have been designed and applied for the high-throughput
enrichment of melamine, enzyme-linked immunosorbent assay, re-
spectively [21-23]. But they are rarely enriched other substances,
especially for ACAs. Thus, it is desirable for high-throughput ad-
sorption of ACAs by 96-well molecularly imprinted microplates.
However, due to the nature of ACAs, few reports designed SMIPs
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Fig. 1. The synthetic route for DDMIPs.

for highly sensitive analysis of ACAs, and even it's rarely for high-
throughput enrichment of trace metabolites ACAs in bio-samples
[24-26].

To date, the reported quantitative research for normal con-
tent of ACAs was implemented through high-performance lig-
uid chromatography-diode array detection (HPLC-DAD) method
[27,28], but quantitative analysis for trace ACAs was implemented
through HPLC-triple quadrupole tandem mass spectrometry (HPLC-
TQ MS) technology in negative ion mode combined with/without
solid-phase extraction (SPE) method [29,30]. The high-sensitive an-
alytical technology combined with the novel separation method
has improved accuracy and sensitivity for trace ACAs in bio-
samples. It has overcome some of the issues mentioned earlier.
However, the improved sensitivity of detection for targets cannot
meet our quantitative requirements for targets with lower content,
and it still faces problems, which the polarity of ACAs is greater,
and causes overlap of chromatographic peaks for a short time, even
some peaks are not retained on the chromatogram. Some papers
have reported chemical derivatization methods for fatty acids [31-
34]. Our group previously proposed stable isotope labeling deriva-
tization (SILD) method combined with ultra-HPLC-MS/MS (UHPLC-
TQ MS) method have been proved to provide higher accuracy and
sensitivity for greatly improving pharmacodynamic understand of
ACAs under mild conditions [35]. It employed deuterated deriva-
tization products as the internal standard (ILIS) of targets, elimi-
nated endogenous ACAs in blank bacteria, and avoided the error
by the endogenous ACAs itself as the internal standard. Therefore,
the SILD combined with UHPLC-TQ MS method may be a potential
value for further increased sensitivity for ACAs in bio-samples.

In this study, a novel quantitative strategy for p-hydroxybenzoic
acid (PBA) and 3,4,5-trimethoxycinnamic acid (TMA) was designed
for highly effective, highly sensitive and high-throughput study of
tenuifoliside A (TA) incubated with gut microbiome. Firstly, a novel
dual-template (PBA and TMA) and double-shelled molecularly im-
printed 96-well microplates (DDMIPs) were designed and synthe-
sized. Integrating the dual-template, the multivalent cavities-based
PEI dendrimer, double-shelled layers, and multi-parallel wells, it
amplified signal on the high-throughput platform for PBA and
TMA. Secondly, the SILD was further increased sensitivity. And it
adopted the isotope-labeled standards as internal standards, mak-
ing the results more accurate. Finally, the UHPLC-TQ MS was used
to improve again the accuracy of analytical data to reveal a real
metabolism-time profile of metabolites PBA and TMA.

The synthetic route for DDMIPs was shown in Fig. 1. The
first layer PEI was used both as the first imprinting layer and
as the functional monomer of DDMIPs. The dual-template and
double-shelled surface molecularly non-imprinted polymers on 96-
well microplates (DDNIPs), the dual-template and single-shelled
SMIPs on 96-well microplates (DSMIPs), and the dual-template and
single-shelled surface molecularly non-imprinted polymers on 96-
well microplates (DSNIPs) were also prepared. The polystyrene (PS)
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based 96-well microplates and prepared DDMIPs can be clearly
seen in Figs. S1 and S2A (Supporting information). Because their
characteristics were almost the same, so we did not give the data
of DDNIPs. Apart from PS based 96-well microplate, the DDMIPs
and DSMIPs are rough, and the degree of density is obviously
different (DDMIPs > DSMIPs), reflecting that the double-shelled
SMIPs is relatively more uniform than single-shelled SMIPs. Mean-
while, the energy dispersive X-Ray spectroscopy (EDS) image and
qualitative data of element composition (Figs. S2B and C in Sup-
porting information), reflected that relative standard deviations
(RSDs) for percentage content of C, N, O and Si, were < 9.21% and
12.37% in different wells of one DDMIPs, and in wells of differ-
ent batches DDMIPs microplates, respectively. The typical Fourier-
transform infrared (FT-IR) peak of Si-O-Si, N-H bond was obviously
observed at ~1130 cm~!, 3100-3600 cm!, respectively. What is
more, the typical peaks of C 1s (~284 eV), N 1s (~400 eV), O 1s
(~532 eV), and Si 2p (~102 eV) were also obviously observed in X-
ray photoelectron spectroscopy (XPS) spectrum, which proved once
again that DDMIPs were successfully synthesized (Fig. S3 in Sup-
porting information).

In Tables S1 and S2 and Figs. S4-S6 (Supporting information),
the primary experiments were estimated, including the conditions
of UHPLC-TQ MS, calibration curves, effect of different 96-well mi-
croplates on adsorption capacities, and optimization of the syn-
thesis conditions. Finally, the best imprinting capacities of DDMIPs
were confirmed. And 1% (the content of first layer), 0.5% (the con-
tent of second layer), 3 h (the polymerization time of first layer)
and 4 h (the polymerization time of second layer) were selected to
synthesize DDMIPs for further research.

As shown in Fig. 2, the isothermal equilibrium experiments and
adsorption kinetic experiments were performed. When the con-
centration was more than 1.32 pmol/L, and 0.74 pumol/L, the equi-
librium adsorption capacity (Qe) was continuously decreased for
DDMIPs. Meanwhile, when the concentration of PBA and TMA was
more than 0.61 pmol/L and 0.31 pumol/L, the Q. was also continu-
ously decreased for DDNIPs. It is demonstrated that the imprinting
balance was reached at this concentration, respectively. With im-
printing time was continuously increasing, the Q= of DDMIPs and
DDNIPs was gradually attended to saturation at 30 min for PBA
and TMA. What is more, the Q. of DDMIPs (88%) was more than
the Q. of DDNIPs (49.3%) for PBA, and the Q. of DDMIPs (40.6%)
was also more than that of DDNIPs (20.7%) for TMA, respectively.

The imprinting rate was faster from 0 min to 10 min than the
rate during 15 min to 30 min for PBA and TMA. And the imprint-
ing rate was faster for DDMIPs than that of DDNIPs. All the re-
sults suggested that there were more capacities in double-shelled
SMIPs rather than in single-shelled SMIPs microplates, and the sec-
ond layer did not bury the cavities of the first layer. Subsequently,
the elution time was also investigated for DDMIPs and DDNIPs. As
shown in Fig. S7 (Supporting information), 30 min exhibited the
best elution effect for PBA and TMA. So, both imprinting time and
elution time were set at 30 min.

As shown in Fig. S8A (Supporting information), imprinting se-
lectivity of DDMIPs and DDNIPs for PBA and TMA were assessed
by structural analogs (ferulic acid (FA), cinnamic acid (CA), sinapic
acid (SA), benzoic acid (BA), 4-methoxycinnamic acid (PMA) and
p-coumaric acid (PCA)). Chemical structures of PEI and ACAs are
shown in Fig. S9 (Supporting information). The Q. of PBA and TMA
onto DDMIPs (1 pmol/L and 0.52 pumol/L) was the highest than Qe
of other adsorbates. It’s also higher than Q. of PBA and TMA onto
DDNIPs (0.46 pmol/L and 0.24 pmol/L). It is confirmed that the
DDMIPs have specific imprinting ability for PBA and TMA. Further-
more, the specific imprinting performance was also estimated by
Qe, the imprinting factor (IF) and the selectivity coefficient (SC) in
Table S3 (Supporting information). DDMIPs and DDNIPs both have
the highest imprinting capacities for templates than others. The
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Fig. 2. Isothermal curves for binding PBA and TMA onto DDNIPs and DDMIPs (A, B). Adsorption kinetic curves for binding PBA and TMA onto DDNIPs and DDMIPs (C, D).

Fig. 3. MRM chromatograms for real gut microbiome samples by methanol,
DDMIPs, methanol combined with SILD, and DDMIPs combined with SILD strate-
gies.

IF values of PBA and TMA were 2.20 and 2.18, and the SC values
were 0.99 and 1.01, respectively. Although all the ACAs could be
adsorbed (attributed to a partial structure similar to that of PBA or
TMA), the DDMIPs have the highest imprinting selectivity for PBA
and TMA.

In Table S4 and Figs. S8B and C (Supporting information),
the reproducibility, regeneration and reusability performance were
further evaluated for DDMIPs and DDNIPs. It is kind of like a
kit, unlike particles, which require additional operating steps and
cost. Hence, the reproducibility, regeneration and reusability per-
formance were satisfactory with interaction, suitable cavities, and
imprinted processes.

Based on the previous report [35], and the specific imprinting
experiment by DDMIPs, the peak shape of ACAs is not good. The
DDMIPs and the SILD method combined with UHPLC-TQ MS were
integrated to obtain a good chromatogram for further precise and
sensitive quantification with deuterated derivatives as correspond-
ing ACAs internal standard. As shown in Tables S5-S8 and Figs.
S10 and S11 (Supporting information), by directly imprinting tar-
gets without protein deposition, concentration, and re-dissolution,
the methodological verification was successful, revealing that the
novel strategy was very likely to have a qualitative breakthrough
in the quantification of ACAs.

Additionally, the practicability of different methods was fur-
ther evaluated by dealing with real gut microbiome samples by
methanol, DDMIPs, methanol combined with SILD, and DDMIPs
combined with SILD strategies. As shown in Fig. 3 and Table S9
(Supporting information), the content of DDMIPs was higher than
that of methanol method for PBA and TMA, respectively (Figs. 3A
and B). It is desirable for the first signal amplification by the
DDMIPs strategy mainly due to the following three advantages:
(1) MIPs in wells can nearly completely remove the template,
and produce the specifically recognizable and memorable three-
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Fig. 4. The metabolic profiles of PBA and TMA before and after processing with this
DDMIPs and SILD combined with UHPLC-TQ MS technology.

dimensional (3D) cavities; (2) they possess high affinity, selectiv-
ity, stability, and reusability for PBA and TMA; (3) multiple-well
microplates provide a high-throughput capability for analysis of
large-scale samples, saving reagents, labor, and time. As shown in
Figs. 3C and D and Table S9, the content of novel strategy was
higher than that of methanol combined with SILD method for PBA
and TMA, respectively. Besides, the content of the novel strategy
was higher than that of DDMIPs method. The results demonstrated
that SILD method not only improved the chromatographic behavior
of the targets, but further increased sensitivity. Especially, the ad-
vanced analytical technology (UHPLC-TQ MS) was used to improve
again quantitative sensitivity. From this, the integrated strategy is
able to achieve 3-step amplification of the signal as expected.

After successful validation, the DDMIPs in 96-well microplates
and SILD combined with the UHPLC-TQ MS technology were ap-
plied to study the metabolic profiles of PBA and TMA in Fig. 4.
By the novel strategy, the derivative of PBA (PBAAN) and deriva-
tive of TMA (TMAAN) could be monitored and determined dur-
ing 0-72 h, and excluded the interference of blank samples. On
the contrary, the monitoring for PBA and TMA was not accurate
by normal method, because ACAs could only be detected at the
highest concentration points above their limit of detection. It sug-
gested that our novel strategy was feasible for gut microbiome
research, especially for trace targets. It successfully achieved 3-
step signal amplification, as follows: At the first signal amplifi-
cation, the DDMIPs could delt with all the samples at 13 time
points (n = 6), simultaneously. And, it could provide enough cavi-
ties based double-shelled PEI layers and 96 well, for PBA and TMA
to specific imprinting targets. At the second increased sensitivity,
the SILD method made targets be derivatized to accurately quan-
tify by ILIS, and eliminated the interference of ACAs in blank sam-
ples. In the third step, the UHPLC-TQ MS improved sensitivity for
PBA and TMA again.

As shown in Fig. 4, the concentration of PBAAN was far above
that of TMAAN. From the change of content, it’s inferred that PBA
may play a more important role than TMA in regulation via gut
microbiome in vivo. It is needed further verification in terms of bi-
ology. By the novel strategy, two peaks of PBAAN and TMAAN re-
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vealed a real pharmacological process in comparison with the nor-
mal method. At the high point, it may be attributed to synthesis
of ester bonds more than hydrolysis or other activities of ACAs.
The real-time monitoring for metabolic products ACAs accurately
revealed the real pharmacodynamic mechanism of TA by our strat-
egy.

The advantages and disadvantages for normal methanol, mag-
netic MIPs, SILD and our novel strategies were shown in Table
S10 (Supporting information). The analytical technologies are con-
stantly being improved, from single-by-single methanol method
(fussy procedures) to magnetic MIPs, and the method based 96-
well microplates without protein precipitation from centrifugal
separation with expensive equipment to fast magnetic, or direct-
suction separation technique, from direct quantification to more
accurately quantification, from random enrichment to specific im-
printing by a large number of fixed cavities, and so on. Importantly,
it exhibited lower limits of detections (LODs) up to 1000 folds, and
more accurately quantitative results for real bio-samples than pre-
vious methods.

In this work, the DDMIPs were firstly designed and synthesized.
Additionally, it and SILD with the advanced UHPLC-TQ MS tech-
nology were successfully applied for study of a large-scale of gut
microbiome samples. The novel strategy amplified 3-step signal to
specific, high-throughput, and accurate monitor derivatized targets.
The sensitivity was improved up to 1000 folds than the traditional
method. And more, from the change of chemical composition, the
real metabolic mechanism of TA via gut microbiome was inferred
that the transformed PBA and TMA might be active metabolites.
It laid the foundation for further pharmacological research. Impor-
tantly, this study opens up a new mode for fast, high-specific, high-
sensitive, high-throughput, and targeted-derivatization for 3-step
signal amplification of trace ACAs from bio-samples. It also pro-
vides a valuable strategy for more actual quality control and re-
search on pharmacology and mechanism.
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